The traditional polarizing microscope equipped with crossed linear polarizers shows a picture in which the image contrast of a birefringent object depends on both the amount of relative retardation induced by the object and the orientation of its principal axis. For example, if the orientation of the principal axis is parallel to one of the polarizers, then the birefringent object becomes invisible. For best visibility, the principal axis must be oriented at 45° to the polarizers. In addition, the image intensity of the object is proportional to the square of the sine of the relative phase shift between the ordinary and the extraordinary ray passing through the object. The addition of a waveplate as compensator to the optical train provides the opportunity to improve the contrast and measure the relative retardation, but the principal restrictions of orientation dependence and non-linear image contrast remains. In either case, a combination of adjustable polarizers and waveplates are used to create a sequence of polarization states for illuminating the specimen and for analyzing the light that is transmitted or reflected by the specimen. In quick succession, several raw images of the specimen are recorded at predetermined settings of the polarizers and waveplates and the images are processed in order to calculate the retardance and azimuth images of the specimen [3] . Instead of generating the raw images sequentially, It is also possible to generate them in parallel by using a non-polarizing beamsplitter with a set of polarization analyzers in the imaging path [4] .
The advanced techniques are successfully used in industrial, research, and clinical applications, including studies of the cell cytoskeleton [5] and form vitro fertilization procedures [6] . However, the retardance measured with these techniques still depends on the angle between the crystal optic axis of the birefringent object and the axis of the beam illuminating the object. If these two axes are nearly parallel to each other, the measured retardance value decreases dramatically and becomes zero for parallel axes. In principle, in order to change this angle it is possible to use a universal stage, originally invented by E.S. Fedorov more than 100 years ago [7] . With this apparatus the specimen, supported between two glass hemispheres, may be manually rotated through measured angles about vertical and horizontal axes. Hence, the specimen can be rotated to a position where the optic axis of the birefringent object under observation is perpendicular to the illumination beam and the maximum retardance is measured. The universal stage is relatively bulky and can accommodate only long working distance, and low resolution optics. While it allows the measurement of precise angles and the maximum retardance of an object, it can do so only for relatively large objects, one object at a time. Therefore, 42 • flIICROfCOPY TODAY November/December 2003 £ the universal stage has found use mainly in geological applications far the analysis of thin rock sections containing birefringent crystals that are at least a few microns in diameter.
We are now introducing a new technique that rotates the Illumination beam' instead of the specimen, combining in one instrument high numerical aperture optics, an aperture scanning device, and a universal compensator for measuring specimen birefringence with high sensitivity and high resolution. The so-called Scanned Aperture Pol-Scope is able to measure the maximum retardance of a uniaxial birefringent object, regardless of how it is oriented, and it can determine the two angles that characterize the orientation of the object in 3-dimensional space. In addition, the new technique measures all these parameters for every resolved specimen point simultaneously, requiring only a few seconds for measuring up to a million specimen points.
A schematic of the Scanned Aperture Pol-Scope is shown in Fig. 1 . The optical set-up includes a custom-made aperture scanning apparatus built with liquid crystal devices. The scanner implements two independent functions, an amplitude mask and a universal compensator, each of which is computer controlled. The amplitude mask, with 8 pie-shaped sectors, is used to partially block the aperture and steer the cone of light illuminating the specimen. The sectored universal compensator is used as both a polarization rectifier [8] and a birefringence measurement device [3] . All components of the scanning device are bonded together and form a 7 mm thick optical flat with an approximate diameter of 25 mm. Before we discuss the operation of the instrument, we want to clarify the birefringence parameters it can measure. Let's assume we focus the instrument on a small, uniaxial, birefringent object such as a microtubule (MT), a rod-like biopolymer that has 25 nm diameter and can be several micron long (Fig. 2) . The birefringence of microtubules, while small, can be measured with a polarizing microscope [9] . The optic axis of a microtubule is parallel to the rod-axis and the maximum retardance induced by a single MT is less than one tenth of a nanometer. A dense array of parallel MTs 
. Retardance of a microtubule inclined by an angle <r to the objective focal plane. If the microtubule is illuminated with a cone of light that is oriented vertically (red arrow), an apparent retardance A gp is measured that is smaller than the principal retardance A of the microtubule. However, if the central ray of the illumination cone is tilted in the direction of the blue arrow, the measured retardance is equal to the principal retardance.
has correspondingly a higher retardance. The orientation of a microtubule in three dimensional space is described by 2 angles, the azimuth and the inclination. The azimuth is the orientation of the rod-axis in the focal plane of the microscope, the inclination is the angle by which the rod-axis is Inclined to that piane. As mentioned earlier, with a regular polarizing microscope one can measure the azimuth, but not the inclination angle. Furthermore, as illustrated in Fig. 2 , with a regular polarizing microscope one measures an apparent retardance, which varies with the inclination angle of the microtubule. Only if the inclination angle is zero does one measure the maximum retardance, which we choose to call principal retardance. Using the Scanned Aperture Pol-Scope, however, one can measure the principal retardance, the azimuth and inclination angle independently. Using traditional terminology, one might say that the Scanned Aperture Pol-Scope provides both orthoscopicand conoscopic measurements'simultaneously for all birefringent objects in the f eld of view.
The Scanned Aperture Pol-Scope in our laboratory is implemented on an inverted microscope Zeiss Axiovert 200M. The condenser mount was custom modified to add the scanning device in the aperture plane of the 1.4 NA oil immersion condenser lens. For recording the aster Images shown next, we used a Plan-NEOUFLUAR 100x/1.30 oil immersion objective, a high-pressure mercury arc lamp followed by an Ellis light scrambler (Technical Video. Woods Hole, MA) as the light source, and a narrow bandpass interference filter (546 nm, 12-nm FWHM, Omega, Brattleboro, VT).
For demonstrating the workings of the Scanned Aperture Pol-Scope, we show images of an isolated aster, a spherically symmetric object consisting of microtubules radiating out in all directions From a centrosome. The overall shape of an isolated aster is similar to a kush ball that children toss and catch, except that the aster is only 20 pm in diameter and is suspended in an aqueous medium. Fig. 3 shows images of the aster acquired with the Scanned Aperture Pol-Scope. The aster appears differently in the images depending on the configuration of the aperture mask and on the focus position of the objective lens. Because of the high numerical aperture of the objective lens, each image represents a thin optical section that is less than 0.5 urn thick.
The images of astral microtubules in Fig. 3 represent the measured retardance of the MTarrays, For a given focus position and mask configuration, the retardance was measured using the universal compensator that is included in the aperture scanning device. 
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B^laKcfieW Fig. 3 Fig. 3. (c) Images of the measured principal retardance and the azimuth angle for the two focus positions. As in (b), principal retardance is proportional to the brightness. The color indicates the azimuth angle. A color bar for the azimuth angle is shown to the right apparent retardance and azimuth angle using the universal compensator are described in [3] .
. (a) Schematics representing a side view of an aster. In this side view, the microscope axis (Z-axis) extends vertically, white optical sections (focal plane FP) are represented by horizontal lines. The two optical sections shown in
pass either through the center of the aster or are shifted by 7 um along the microscope axis; a is the inclination angle, (b) Images of the measured principal retardance and inclination angle for the two focus positions. The principal retardance is proportional to the brightness and color indicates the inclination angle. A color bar for the inclination angle is shown to the right. Both principal retardance and inclination angle were calculated based on the image data shown in
The left column of images in Fig. 3 shows thin optical sections through the center of the aster. The central part of the aster, out to a diameter of about 3 pm, is occupied by the centrosome that does not contain aligned microtubules and is not birefrfngent. Near the surface of the centrosome, at a diameter of about 3 urn, astral microtubules contained in central optical sections form a dense, radial array that extends parallel to the focus plane (inclination is zero).
The right column of images in Fig. 3 shows optical sections for which the focus was displaced 7 um from the center of the aster. Arrays of astral microtubules displayed in these sections are dense, even in the middle of the image, but their inclination angle changes. Near the middle of the section, the inclination angle is 90' (parallel to microscope axis), while at increasing distance from the middle, the inclination angle of the microtubules decreases and becomes approximately 45' near the outer edge of the aster (see aster schematics shown in top row of Fig. 4 ).
The central column of Fig, 3 shows images of the aperture mask that was used when recording the images in the column to the left and right The mask images were taken with an additional Bertrand lens focusing on the aperture plane where the mask is located. For a given mask configuration, the corresponding retardance image of the aster is shown to the left and right of the mask image. As can be noted, images on the left, showing optical sections through the center of the aster, don't change much when the mask Is changed, images on the right, however, change dramatically when the mask configuration is changed.
The differences between the images in the right column can be understood on the basis of the systematic variation of the inclination angle of the observed microtubule arrays. Briefly, partial occlusion of the condenser aperture changes the direction of the central ray of the cone of light converging on the aster. Hence, depending on the mask configuration, a different set of microtubules extend their axis nearly parallel to the central ray and therefore appear black in the image. For example, the top right image of Fig. 3 was recorded with the left quarter of the condenser aperture open. Accordingly, the cone of light illuminating the aster is tilted to the left. As a consequence, the microtubuie array imaged on the left side appears black because those MTs run nearly parallel to the central ray. However, the MTs In the middle and to the right of it appear brighter because their axis runs more perpendicular to the cone of light.
The appearance of astral MTs in the rest of the images in the right column of Fig. 3 change according to the position of the open aperture quarter, The fifth aster image from the top was recorded with a fully open aperture and, as expected, shows the central MTs black. The measured retardance in ait five images were evaluated together using specifically designed algorithms to determine the principal retardance shown in the bottom image. As discussed earlier, the principal retardance is independent of the orientation and only depends on the density of the microtubules. As expected, the principal retardance has a maximum in the middle of Ihe aster image where the density of aligned microtubules is the highest (see the aster schematics shown in the top row of Fig. 4) . However, the high MT density is only expected If the focus is shifted away from the center of the aster. If the optical sections include the aster center, as is the case for Ehe images in the left column of Fig. 3 , the principal retardance is zero in the center, because the centrosome is devoid of aligned microtubules and has no birefringence.
In addition to the principal retardance, the Scanned Aperture Pol-Scope can also measure the azimuth and Inclination angle. Figure 4 shows color images In which color represents the measured inclination or azimuth orientation of the microtubules. The measured distributions of principal retardance, inclination and azimuth angles, do correspond closely to the expected structure of astral microtubuies.
In summary, we have succeeded in developing a polarized light microscope for imaging birefringent object whose optic axis is inclined away from the focal plane, and measure the inclination angle and principal retardance of the object. This unique result Is achieved with a scanned aperture polarizing microscope, M 
